There has been substantial debate about whether the old-growth forests of Amazonia are increasing in biomass and therefore acting as a sink for atmospheric C0 2 . We present a new analysis of biomass change in old-growth Amazonian forest plots using updated inventory data. We find that across 59 sites, the above-ground dry biomass in trees that are more than 10 em in diameter (AGB) has increased since plot establishment by 1.22±0.43 Mg per hectare per year (ha -1 yr-1 , where 1 ha =10 4 m 2 ), or 0.98 ±0.38 Mg ha -1 yr-1 if individual plot values are weighted by the number of hectare years of monitoring. This significant increase is neither confounded by spatial or temporal variation in wood specific gravity, nor dependent on the allometric equation used to estimate AGB. The conclusion is also robust to uncertainty about diameter measurements for problematic trees: for 34 plots ii),westem Amazon forests a signjficant increase in AGB is found even with a conservative assumption of zero growth for all trees where diameter measurements were made using optical methods and/or growth rates needed to be estimated following fieldwork. Overall, our results suggest a slightly greater rate of net stand-level change than was reported by Phlllips et al. (1998b). Considering the spatial and temporal scale of sampling and associated studies showing increases in forest growth and stem turnover, the results presented here suggest that the total biomass of these plots has on average increased and that there has been a regional-scale carbon sink in old-growth Amazonian forests during the previous two decades.
Quantifying changes over time in the carbon storage of Amazonian forests is extremely important for understanding current and future trends in the global carbon cycle (Prentice et al. 2001) . Variation occurs over a range of timescales and monitoring these patterns remains a considerable challenge. Over short timescales, at a number of Amazonian sites, measurements of carbon dioxide fluxes between the forest and a bnosphere have been made by eddy covariance systems to estimate forest carbon balance (e.g. Grace et al. 1995a ) but it is difficult to extend these measurements over many years, or many sites. Inversion models, which combine data on the concentrations of carbon dioxide, oxygen, and their isotopes with abnospheric circulation models to predict patterns of carbon dioxide sources and sinks, can be used at large scales (e.g. Gurney et al. 2002) , but are poorly constrained in tropical regions. By contrast,
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repe<lted meClsurements of permanent s<lmple plots cCln potentially provide direct estimates of changes in tropical forest biomass with the requisite spatial and temporal coverage from a wide variety of sites.
The potential value of using long-term data from tropical forest plots for studying changes in biomass was highlighted by a study of 68 pantropical sites (Phillips et a/. 1998b) . Over the period 1975-96, in 40 sites across Amazonia, total above-ground dry biomass increased by 0.97 ± 0.58 Mgha -1 yr-1 , w hich is equivalent to 0.88±0.53 Mgha-1 yr-1 for trees ~ 10 em diameter. This value was used to estimate a total carbon sink across Amazonia of 0.44± 0.26GtCyr-1
• However, the result generated a vigorous debate about the methodology that shouJd be used to estimate changes in forest biomass from permanent plot measurements. For example, it was suggested that it could be explained by a potential sampling bias towards successional forests on floodplain sites or by poor tree measurement techniques (Clark 2002a, but see also Phillips et nl. 2002a) . ln addition, the problems inherent in including small plot sizes, where the biomass of<lll trees ~10 em diameter above-ground biom<lss (AGB) is not norm<llly distributed, and the potential importance of changes in the carbon stocks of other compartments, such as coarse woody debris, have also been noted (01ave eta/. 2003, .~904-i Rice et nl. 2004) .
The method of AGB estimation used by Phillips et a/. (1998b), on a stand-level basis using plot • basal area values is also open to criticism. It is well known that the large number of published biornass equations can give substantial variation in standlevel AGB estimates (e.g. Chambers cl a/. 2001 b; Baker et nl. 2004a) . However, it is not known whether the observed patterns of net biomass clumge are sensitive to the equation used to estimate AGB. In addition, the method of Phillips et nl. (1998b) does not explicitly account for spatial or temporal variation in tree size-frequency distributions or variation in wood specific gravity. As mean tree size and wood specific gravity vary at a regional scale ncross the Amazon basin (Malhi ef a/. 2002a; Baker el nl. 2004a), estimates of AGB change ncross all si tes should idea lly include these factors. Also, given the substantial changes over time in Amazon fo rest dynamics (Phillips and Gentry 1994; Lewis d nl. 2004b ; Phillips el nl. 2004), estimates of AGB change need to incorporate any potential changes in forest structure or functional composition.
A re-examination of pan-Amazonian forest plot data is therefore needed to directly address these issues, and provide improved estimates of AGB change. Using old-growth forest plot data, we ask the follow ing questions:
1. Do the patterns of AGB change depend on the allometric equation used to calculate biomass? 2. Are the patterns of change sensitive to spa tial or temporal variation in tree size-frequency distributions, or wood specific gravity? 3. Is there any cons istent regional-sca le change in AGB? 4. Are conclusions about the direction of change influenced by uncertainty concerning problematic tree records?
Methods
Inventory data were used from 59 forest sites from across the range of local and regional environmental gradients that occur in Amazonia, including term finne forests on both clay-rid1 and white sand substr<~tes, and seasonally flooded forests ( Fig. 11.1 ,  Table 11 .1). All sites examined were in lowland forest ( <500 m a.m.s.l.) consisting of an apparently mature forest with natural gap-phase dynamics and a canopy dominated by non-pioneer species. None of the plots are beJieved to have experienced any recent, major, direct human impact. The individual plots range in size from 0.4 to 9.0 ha (median 1.0, mean 1.3 ha), and in total encompass 78.9 ha of forest (Table 11 .1 ). Tniti<1l measurement dates vary from 1979 to 1998, and census intervals from 4.0 to 21.7 yr (median 10.2, mean 10.9 yr) (Table 11 .1). Overall, the results are based on measurements of 54,364 stems ~10 em diameter, and a total sampling effort of 863.8 ha yr. For all plots, family and generic taxonomy hCls been sta ndardized following the p rocedures described in Baker el nl. (2004a). Wood specific gravity data are derived from a variety of publications. These sources and the approach used to match specific gravity data to tree records is also described in Baker et nl. (2004a) .
To make compi\risons of rates of AGB change between different landfoJm s, we distinguish two groups of s ites, sepa rating 12 plots on old, recent, Figure 11 .1 Location of forest sites In western (black symbols) and eastern (grey symbols) Amazonia. 1. Jatun Sacha, 2. Bogi, Tiputlni, 3. Allpahuayo, 4. Yanamono. 5. Sucusari, 6. Tambopata, 7. Cusco Amazonico, 8. Huanchaca, Las Londras. Chore, Cerro Pelao, Los Fierros, 9. BDFFP, BIONTE. Jacaranda. 10. Tapajos, 11 . Jari, 12. Caxiuana. or contemporary floodplains, from forests growing on older surfaces (Table 11 .1). This categorization is somewhat subjective, and the 'floodplain' forests in particular comprise sites growing under a wide range of edaphic conditions. 1bree of the plots (LSL-01, LSL-02, and TIP-03) are flooded annually and one plot 0 AS-05) is likely to have been occasionally flooded in the recent past. However, the ·~· other eight plots (all CUS, TAM-01, 02, 04, and 06) ~ave been terra firme forests for hundreds or thousands of years, and therefore represent the 'Holocene floodplain'. Fluvial geomorphological features and carbon dating suggest that the youngest of the Holocene floodplain sites, TAM-04, must be at least 900 yr old (Phillips et al. 2002a) .
The substrates underlying all the other plots are thought to have been deposited prior to the Holocene. Within these forests, we distinguish sites in western and eastern Amazonia to compare regional patterns of AGB change (Table 11 .1, Fig. 11.1) .
In each plot, aU trees greater or equal to 10 em diameter at 1.3 m (= diameter at breast height, d.b.h.) have been measured during each census, with a consistent effort in all plots for all censuses to measure buttressed trees above the top of the buttress. Increasing steps are being made to standardize all aspects of tree measurements across all sites: the most recent measurements of the 34-western Even with careful field procedures, some difficulties will always arise in reconciling new plot data with previous measurements and standard procedures were developed to deal with problematic tree records. As a guide, plot data were screened for growth rates that exceed or fall below certain limits ($-0.2 cmyr-1 , or ~4 cmyr-
following Sheil 1995b), but final decisions on any alterations to the original data were made on a tree-by-tree basis. Obvious typographical errors, or unusual measuremen t values in an otherwise steady sequence were corrected by linear interpolation. In some cases, however, the most recent diameter measurement was implausibly less than previous values, occasionally by up to 10 em. This pattern was probably caused by a lower point of measurement in previous censuses, due to 1,00
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1.00 b These sites comprise non-contiguous 1-ha plots separated by <200m. c Twenty-five, 10 x 10 m subplots. within each of four, nearby, 1-ha plots.
d Twelve, 0.25-ha plots laid out in a randomized fashion over an area of 300m x 1200 m; treated as 3 x 1 ha units.
Notes : AGB values were calculated using equation 11.2 (Baker et a/. 2004a). Plot data are the best available to the lead author at the time of final analyses, but are subject to future revision as a result of additional censuses and continued error-checking" uncertainty locating the top of the buttress. For these trees, prior growth was estimated using the median growt~ rate of the appropriate (10-20 em, 20-40 em, or >40 em) size class. These tree records where the diameter data have been altered following fieldwork clearly introduce uncertainty into estimates of AGB change. Another source of uncertainty is the use of optical methods (digital camera or Relaskop) to measure the diameter of some trees, in some plots. Optical methods tend to underestimate tree diameter, and although we have included a theoretical correction factor (see Phillips and Baker 2002) to account for inevitable parallax effects, these methods are less precise than using a tape measure as they cannot integrate irregularities in bole shape. Therefore, using the 34 western Amazon plots, we evaluate the impact of these trees on conclusions concerning the direction or magnitude of AGB change. This was achieved by comparing AGB change using the whole dataset with values when these records are excluded. Removing records makes the conservative assumption that no excluded stem grew during the census interval.
Stand AGB (kg OW ha _ ,) for all trees ~ 10 c~ d .b.h., including palms, was calculated using a variety of allometric equations: 
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The different AGB equations reflect different underlying datasets of tree mass data, the inclusion of exclusion of variation in wood specific gravity, and tree-by·tree and stand-level approaches to calculating biomass. Equation ( .5) is based on the same tree harvest data as equations (11 .1) and (11.2), but calculates AGB on a stand, rather than tree-by-tree basis, using the relationship between basal area and fresh, AGB of trees >5 em diameter for the five, 0.04-ha subplots (Phillips eta/. 1998b).
We focus on testing whether there have been concerted, within-site changes in AGB since plot establishment, by calculating AGB change between the first and last census for each plot. Errors are expressed as 95% confidence limits of the mean. Issues relating to the distribution of AGB change, the statistical independence of the plots, variation in sampling error, and stem breakage are discussed in Baker et a/. (2004b) . Here, units of dry mass are used for AGB and AGB change.
However, AGB values can be also expressed in terms of carbon by assuming a carbon content of SO%, so carbon change metrics can be calculated simply by dividing the reported values by 2.
Results
The AGB estimates using stand-level and treeby-tree approaches based on the Chambers et a/. (200lb) tree mass data, give very similar estimates across the plot network (318.3 ± 11.7 and 325.5 ± 10.2 Mg ha-J, respectively, Fig. 11 .3, equations 11.1 and 11.5). However, when variation in wood specific gravity is incorporated into the same tree-by-tree equation, the among-plot AGB estimate drops slightly (Fig. 11.3 respectively, Fig. 11 .3, equations 11.3 and 11.4). However, despite these significant differences between AGB estimates, estimates of change derived u sing different allometric equations are remarkably similar (Fig. 11.3 Fig. 11 .2(a)) or 0.98 ± 0.38 Mgha -1 yr-1 (weighted by hectare years of m onitoring). The lower value using the weighted average largely reflects the fact that the three plots with the highest rates of AGB change <BOG-01 , ]AS-04, and LSL-01 ) have been monitored for comparatively short periods (4.9-6.9 yr).
The AGB ch< mge is sigtnficantly positive in both non-floodplain and floodplain sites, and floodplain plots have higher rates of increase than nonfloodplain sites (2.32 ± 0. for higher absolute rates of AGB change in western Amazon forests is not significant (t-test, p = 0.36).
Due to the lower overall AGB in western Amazon forests, regional differences in the relative rates of change are greater than the differences in absolute rates (based on unweighted estimates, central and eastern Amazon, 0.23 ± 0.21% yr-1 ;
western Amazon, 0.51 ±0.25% yr-1 ), but the regional difference is again not significant {t-test, p= 0.10). Overall, basal area change represents a very good measure of AGB change within Amazonian forest plots ( Fig. 11.4 ; £\AGB = 9.57(.1BA) + 0.12, r 2 = 0.89, p < 0.001). In a multiple regression analysis, change in stand-level wood spedfic gravity was included as an additional term, but was not individually significant and did not lead to any improveme nt in predictions of AGB change. .
Excluding records of trees measured usmg optical methods and individuals where growth rates have been estimated following fieldwork does not alter the significance of the direction of AGB change. Of the total western Amazonian dataset of 24,229 trees, 322 trees have been measured with a Relaskop or digital camera and diameter measurements for a partially overlapping set of 492 trees were interpolated or otherwise re-estimated following fieldwork. The total number of trees in at least one of these categories is 609 (2.5% of all stems). If we apply the ·conservativ e assumption that aU 609 individuals have zero growth over the measureme nt period, then the AGB change estimate declines by approximat ely 30% in both floodplain and non-floodpl ain sites (floodplain: from 2.32±0. shown that this pattern is neither confounded by spatial or temporal variation in wood specif~c gravity, nor is it dependent on the aUometr1c equation used to estimate AGB. Moreover, the AGB of the western Amazon forests has increased even when the most difficult-to-measure trees are discounted.
It is noteworthy that the stand-level approach used by Phillips et al. (1998b) to estimate biomass from inventory data is comparable with tree-bytree methods, as the stand-and tree-level equations based on the same underlying tree mass data (equations 11.1 and 11.5, Fig. 11. 3) g1ve extremely similar results. This similarity is because the basal area of individual trees is roughly linearly related to tree biomass up to relatively large sizes (80-90 em bole diameter). Even though at the very largest sizes, tree basal area overestimat es tree biomass (Chave et al. 2004 ), at the stand-level the linear correlation between basal area and AGB holds (Baker et a!. 2004a) . Therefore, within our plots, AGB can be estimated directly from stand-level basal area regardless of how that basal area is distributed between stems of different sizes.
A limitation of the method of AGB estimation used by Phillips et a/. (1998b) is that it did not account for wood specific gravity, which varies both between forests and, potentially, over time. (equation 11.2 compared to equation 11.1 , Fig. 11 .3 ). This is because the underlying tree mass/ diameter relationships were developed in central Amazon forests, where stands have relatively high wood specific gravity values compared to most plots in western Amazonia (Baker el nl. 2004a). However, AG B change estimates are only weakly affected by the equation used (Fig. 11.3 ). Sp atial variation in wood specific gravity therefore does not confound previously reported increases in AGB. The close correlation between basal area and AGB change (Fig. 11.4) , shows that the changes in AGB have been caused by an overall structural change in these plots, and suggests that any composWonal shifts between tree species w ith differing wood specific gravity, have not significantly affected stand-level AGB estimates. 
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Uncerta inty about some diameter measurements does not influence the significance of the d irection of AGB change in western Amazonia, as AGB . change remained significantly positive even when problematic tree records were deleted . Removing records makes the assu mption that these trees d id not grow and therefore introduces a downward bias to stand-level growth estimates. This issue is compounded by the fact that these individuals tend to comprise larger, often buttressed, trees that make a greater relative contribution to overall stand-level productivity as a resul t of their size. Estimating the growth of these trees is a more sa tisfactory option for obtaining unbiased estimates of AGB change. We suggest that as diameter increment distributions are strongly s kewed, med ian growth rates within an appropriate sizeclass w ill provide the best estimate. Althou gh sp ecies-level estimates may be possible for some common species, stand-level values will always be required for rarer species and may be the clearest and most robust method to apply to all stems. Overall, AGB change ranges from -4.14 to 5.40 Mgha-1 yr-1 , with a mean value of 1.22±0.43 Mg ha-1 yr-1 (Fig. 11.2) . Some of the variability between plots is doubtless caused by variability in the natural disturbance regime. For example, the greatest decrease in AGB occurs in BDF-04 where 145.4 Mg were lost between censuses in 1987 and 1991, due to mortality caused by flooding. Equally, some of the plots with high rates of AGB increase may be recovering from mortality events prior to plot establishment. None of the plots are, however, obviously strongly successional. The Bolivian plots with low AGB values, for example, are located in forest types that are typically Jess massive than other Amazon forests. The plot with the lowest AGB, CH0-01, comprises evergreen liana forest, which is a forest type that is found across substantial areas of the southern fringe of Amazonia, possibly as a result of fire or an interaction between poor soils and seasonal drought (Killeen 1998).
Determining why most plots show moderate increases in AGB is difficult when changes in AGB are considered alone, as we have done here, without examining simultaneous changes in growth and mortality rates. In particular, it is not possible to distinguish with certainty whether increases are driven by widespread recovery from a previous disturbance, or by an overall increase in forest productivity. In Amazonia, mega El Ni.iio events (Meggers 1994) provide one mechanism that potentially could drive a broad-scale increase in AGB due to succession, as it is well known that El Ni.iio events cause increased tree mortality (e.g. Condit et al. 1995) . However the increase in AGB reported here has occurred despite two of thE;_.tnost severe El Ni.iios on record occurring during the monitoring period (Malhi and Wright 2004) , suggesting that El Ni.iio events may not necessarily dominate tropical forest dynamics over decadal timescales (Williamson et al. 2000) . In addition, it is difficult to reconcile the spatial variability of El Niii.o intensity across Amazonia (Malhi and Wright 2004) with the spatial consistency in the patterns of AGB change.
While successional processes may not explain the overall trend, could they explain the significantly higher rates of increase in AGB of the floodplain plots? Succession obviously dominates patterns of biomass accumulation on young Amazonian floodplains where forest establishes and develops on aggrading river sediments (e.g. Salo et al. 1986) . Whether it continues to influence patterns of biomass change in the plots studied here depends on the age of the stands, and the time taken by successional forest to reach biomass 0.62 ± 0.02 gem -3 ). Given these patterns, it is difficult to attribute a significant role for primary succession in the dynamics of these forests.
An alternative explanation for the observed increase in AGB is that stand-level growth rates have increased. Compelling evidence for an increase in Amazonian forest productivity has emerged from combined analyses of stem and basal area dynamics of an overlapping set of plots. These indicate (Lewis et al. 2004b, Chapter 12 ) that increases in stem recruitment, stem mortality, and total stem density, and stand-level growth rates, basal area mortality, and total basal area, have on average all occurred, with stem recruitment gains generally leading stem mortality gains (Phillips et a/. 2004, Chapter 10) . It is argued that these patterns are incompatible with forest succession, but are most plausibly driven by an enhancement of stand-level growth rates (Lewis et al. 2004b, Chapter 4) . In this context, the higher rates of AGB change in floodplain forests may be associated with the potential for greater increases in growth on the more fertile soils that are typically found in these sites. However, such an explanation, among such a heterogeneous group of post-Pleistocene substrates, remains tentative.
An important question for the overall carbon balance of these plots is whether the increase in the biomass of the trees ~10 em dbh, might be offset by changes in the biomass of other compartments (e.g. small trees, Hanas, coarse woody debris, fine litter, or soil carbon . 2002b) , suggest that the biomass of small trees and lianas are also increasing, and any changes in these compartments are therefore unlikely to counteract the increase in the biomass of trees ~10 em d.b.h.
Changes in the stocks of coarse woody debris (CWO), fine litter, and soil carbon are broadly controlled by inputs from living above-ground biomass. Therefore, the question of whether changes in their biomass can alter the overall trend in forest carbon balance determined from trees ~10 em d .b.h., depends on their rate of turnover and the timescale of the study. In short term studies (e.g. 2 yr, Rice et al. 2004 ), pools and fluxes of coarse woody debris may be partially independent of simultaneous changes in the biomass of larger trees, and be sub;tantiaiJy controlled by mortality events prior to the measurement period. However, over longer timescales, s tocks of CWO must be closer to equilibrium with inputs from mortality. The turnover rate of CWO is approximately 7-10 yr (Chambers et al. 2000) , similar to the median length of plot monitoring (10.2 yr) in this study. Although a fraction of the CWO will derive from mortality prior to monitoring, this component will have much less im.pact on the ecosystem carbon balance than in short-term studies. Jn fact, increasing rates of mortality (Lewis et a/. 2004b; Phillips el al. 2004 , Chapter 4, Chapter 10), suggest that s tocks of CWO would have increased in our plots.
Fine litter has a short turnover time (Clark et al. 2002) , so fine litter carbon should follow decadal trends in AGB and productivity. In contrast, soil carbon is very heterogeneous, and deep-soil carbon turns over at timescales substantially longer than the scale of this study (Trumbore 2000) . Changes in this pool may still therefore be responding to events that occurred prior to the establishment of these plots. However, any changes in soil C stocks over the timescale of this study are likely to be quite small. Telles et al. (2003) reported no measurable change in organic C stocks over 20 yr in oxisols near Mana us, and, using a model of soil C dynamics, found a limited potential for these soils to act as carbon sinks following any increase in ecosystem productivity.
Overall, longer-term monitoring of these plots and specific studies of other components of the total biomass of these forests are required to examine changes in total biomass. However, since trees ~10 em diameter represent such a large fraction of total AGB, the plots in this study have been monitored for a relatively long period, and there has been a concurrent acceleration in forest dynamics, we suggest that changes in carbon of other compartments are unlikely to counteract the increase in trees ~10 em diameter. The likelihood is that the increase in total carbon storage has been greater than the increase in carbon stored in trees ~10 em diameter.
If the carbon pool stored in these Amazonian forest plots has increased, can its rate of increase be extrapolated to a regional scale? A key issue is whether biomass loss from relatively rare, but high intensity, disturbance events, that occur beyond the scale of current sampling, may offset any increase in the biomass of other regions. Major disturbance events occur in tropical forest as a result of, for example, fire, windstorms and landslides (Whitmore and Burslem 1998), but obtaining data on their · frequ ency, distribution, and magnitude to quantify their importance for regional-scale patterns of carbon cycling is extremely difficult. fn the context of the Amazon, analysis of satellite images has, however, provided some quantitative data on the frequency of destructive blowdown events due to storms (Nelson et al. 1994 ). Where such events are most concentrated, return times are estimated at 5000 yr (Nelson et al. 1994) . This type of disturbance would have to be much more frequ ent to substantia!Jy aJter the observed mean increase in carbon storage. For instance, if the current mean rate of AGB change persists for a total monitoring effort of 5000 ha yr, this would equate to a total accumulation of 6100 Mg. If all the biomass were then destroyed by a severe storm in one, 1 ha plot, with a mean AGB of 300 Mg ha -1 , then the total biomass accumulation would decline by 5% and the estimated mean rate of increase in AGB would fall from 1.22 to 1.16 Mgha-1 yr-
.
This analysis is clearly a crude simplification, and quantifying the frequency and intensity of the fuJl range of disturbance events that occur across Amazonia will be necessary to accurately extrapolate these plot-based trends to a regional scale. However, it does show that the rarity of blowdown events in Amazonjan forests means that their effects on regional-scale carbon cycling will be small (Nelson et al. 1994) . This study demonstrates a significant increase in the carbon content of forest plots across Amazonia, and an important challenge is to integrate these trends in old-growth forest into regional scale models of carbon flux. Equally, future trends in the carbon storage of these plots remains uncertain, 
